ABSTRACT: Neutron reflectometry is used to study photomechanical effects in thin films of azobenzene polymer cast onto silicon substrates. A significant photoexpansion effect, up to 17%, is observed at 25°C, due to the free volume requirement of the azobenzene chromophore photoisomerization. Above a distinct crossover temperature of ∼50°C, the material response is inverted and instead photocontraction effects, of more than -15%, are observed. In this case the combined photomotion and thermal mobility enables aggregation and crystallization of the azobenzene dipoles. The photomechanical effects, which can be reversed, occur readily using a variety of irradiation powers, incident polarizations, and film thickness values. This photomechanical behavior, which appears to be general to all azo materials, is likely the origin for a wide variety of curious photomotions observed in these systems, including macroscopic bending of samples and micron-scale surface mass transport.
Introduction
Azobenzene polymers exhibit a wide range of photoresponses, 1,2 due to a clean and efficient molecular photoisomerization (see Figure 1 ). When the azobenzene (azo) chromophore is irradiated within its broad absorption spectrum, the molecule will isomerize into the metastable cis isomer state. The azo will then thermally relax back into the more stable trans state, or this back-isomerization can be induced photochemically. For the pseudo-stilbene class of azo molecules (which are the subject of study in this work), the trans and cis spectra overlap. For these molecules, irradiation with a single wavelength of light (in the range of 450-490 nm) causes continual cycling of the molecules between the two isomeric states. This molecular isomerization generates unique types of material motion at larger length-scales. The azo chromophore can be photoaligned with polarized light due to a statistical reorientation process (whereby chromophores accumulate perpendicular to the irradiation polarization, since they become inert to the light), which has also been used to photoalign liquid crystalline mesophases. 3, 4 In fact, even circularly polarized light will eventually induce some measure of alignment, as chromophores line along the light propagation direction. The azo chromophore can also be used to switch material properties, 5 and thus these systems have been considered in applications ranging from optical devices to sensors. Another unique effect observed in the azo systems is a clean and facile surface topography patterning that occurs when these materials are irradiated with a light intensity gradient. This single-step patterning occurs at room temperature, well below the material's bulk glass transition temperature (T g ). Although extensively studied, this surface mass transport phenomenon is not yet fully understood. 6 The azos have also been shown to generate macroscopic photomechanical effects, such as the expansion of thin films floating on a water surface, 7 the bending of freestanding polymer films irradiated with polarized light, 8, 9 and even macroscopic motion of floating films. 10 Recently we investigated the photomechanical effect in azobenzene thin films by measuring the light-induced expansion of these materials using ellipsometry, 11 an optical technique that determines thickness and refractive index by analyzing the polarization change induced in a probe laser beam upon reflection. It was found that the thin azo films photoexpand during irradiation at an absorbing wavelength, with both a reversible and irreversible contribution (see Supporting Information, Figure S1 ). The irreversible expansion persists after illumination ceases, whereas the reversible expansion can be cycled on and off using the pump laser. The extent of expansion can be tuned with irradiation power and time. These experiments demonstrated a decrease in refractive index concomitant with the increase in thickness, corroborating the conclusion of photoexpansion. In these experiments, care was taken to avoid photoorientation in the material, by using circularly polarized light and modest irradiation times. This was required because ellipsometry, being an optical technique that measures the average refractive index, cannot be easily applied to anisotropic media. Due to the azo's strong optical response, all-optical techniques are limited in their ability to probe these materials. Chemical structure of poly(disperse red 1 acrylate) (pdr1a) and its associated photoisomerization. Azobenzene chromophores will isomerize from the stable trans state into the metastable cis state with light irradiation. The molecule will then thermally relax back to the trans state or may be photoisomerized into that state.
Not only does photoorientation generate birefringence, which makes optical analysis ambiguous, but optical probes, even those at wavelengths far away from the absorption maximum, can lead to measurable changes in the material.
To resolve these ambiguities, we have probed the photomechanical effect in azobenzene thin films using neutron reflectometry. Because neutron scattering is sensitive to nuclear density (and not electronic properties), it can be used to unambiguously determine thin film thickness and density, regardless of any anisotropy in the electronic refractive index. It also enables extraction of the entire film profile, rather than simply estimating average thickness and density. In this paper, we describe a neutron reflectometry study of the photomechanical phenomenon in azo materials. We employed a custom-built sample cell 12 that allows measurement of neutron reflectivity simultaneous with optical irradiation and furthermore enables control of the sample temperature. Thus, we quantify the photomechanical response of the material as a function of temperature. In addition to confirming the photoexpansion effect measured optically, we have also found evidence for a unique photocontraction behavior that occurs at elevated temperature. Using neutron reflectometry, we are able to unambiguously identify the photoexpanded state and the higher-density photocontracted state.
Experimental Methods
Sample Preparation. Unless otherwise stated, the azo-polymer material used in this work was poly (disperse red 1 acrylate) (pdr1a), whose chemical structure is shown in Figure 1 . The 2 chlorinesubstituted analogue of this material poly (disperse red 13 acrylate) (pdr13a) was also used for a small number of experiments (refer to Supporting Information, Figure S2 , for chemical structure). Polymers were synthesized as previously reported. 13 The substrates employed were polished single-crystal silicon (111) wafers with a thin (∼20 Å) silicon dioxide layer. The wafers were cut into small pucks, 6 mm thick and 24 mm in diameter. This small sample size is necessary in order to ensure that the entire sample is homogeneously irradiated with laser light. The substrates were cleaned using a warm piranha solution (mixture of 30% H 2 O 2 and concentrated H 2 SO 4 in 1:3 ratio) for 30 min. Caution: piranha solution is a powerful oxidizer and reacts violently with organics. This surface treatment also enhances polymer adhesion, greatly improving film homogeneity and decreasing surface roughness.
Samples were prepared by spin-coating azo-polymer solutions (using anhydrous THF as solvent) onto the cleaned silicon substrates. The solution was placed on the substrate, which was then ramped (acceleration 1260 rpm/s) to 1300 rpm, and maintained for 35 s. Film thickness was adjusted by varying the solution concentration (in the range of 10 -1 to 10 -3 mol/L, based on repeat unit molecular mass). Film thickness in the range of 200-600 Å was chosen so as to produce high-quality reflectivity curves with a substantial number of Kiessig fringes within the available q zrange. The cast thin films were annealed in a vacuum oven at 110°C for 8 h to remove any residual solvent or flow-induced orientation.
Neutron Reflectometry. The neutron reflectivity experiments were performed at Chalk River Laboratories Canada (National Research Council), using the C5 triple-axis spectrometer. Measurements were performed using neutrons of wavelength λ ) 2.37 Å, in specular reflection mode. The momentum transfer, q z ) (4π/ λ)sin θ, was varied between 0.006 Å -1 and 0.07 Å -1 by varying the specular reflection angle, θ. The collimation slits were opened sufficiently so as to overilluminate the sample with the neutron beam, such that the sample itself defines the reflected beam profile. Scans were performed in two segments with different slit settings: from q z ) 0.006 Å -1 to 0.04 Å -1 and from 0.04 Å -1 to 0.07 Å -1 . The relative resolution, ∆q z /q z , varies from 0.15 to 0.03 in the first segment and from 0.05 to 0.03 in the second segment. The two scan regions were found to overlap exactly. A pyrolitic graphite filter was used to suppress the signal from the λ/2 and λ/3 components of the monochromator reflection. Furthermore, an analyzer was used to diffract the reflected beam into the detector. This analyzer and detector geometry was found to reduce the background signal considerably. Background scans were performed by offsetting the sample by a fixed angular displacement of +0.5°a nd have been subtracted from all the results presented. The detector count time was varied as a function of q z in order to maintain uniform and reasonable statistics for the entire scan region. The data were normalized using the critical reflectivity edge.
Experimental Setup. The samples were placed in a custombuilt cell that enables neutron scans simultaneous with optical irradiation (refer to Supporting Information, Figure S3 ). The details of this cell design have been previously reported. 12 The cell features an aluminum enclosure that is transparent to neutrons, and a PMMA optical window that allows for optical irradiation. The sample was fixed, with thermal contact grease, on a heating block with a thermocouple, allowing for accurate control of temperature. Unless otherwise stated, scans were performed at a constant temperature of 25°C (i.e. 'room temperature'). The sample cell was held under vacuum during all temperature ramping to prevent sample oxidation. When required, a flow of inert gas (helium or nitrogen) was used to cool the cell and sample. Optical irradiation was performed using two air-cooled argon-ion lasers, tuned to the 488 nm line. Two lasers were used so as to increase the overall irradiation power and also to average out any coherence effects. One of the laser beams was reflected off of an adjacent mirror such that both beams become nearly collinear. The output of one laser was adjusted with a lens to account for slight differences in laser divergence. The polarized laser output was converted into circularly polarized light using a λ/4 wave plate. Circular polarization is used to prevent in-plane orientation of the azo chromophores, known to occur readily when irradiating with polarized light. For those experiments requiring polarized irradiation, the wave plate was removed. A series of lenses was used to expand and collimate the beam such that the sample experienced homogeneous irradiation of the surface. Since neutron reflectivity could be measured during thermal ramping and laser irradiation, we were able to ensure that the sample had stabilized at a new temperature, or after laser irradiation, before beginning the full reflectometry scan.
Data Analysis. The normalized neutron reflectometry curves were fit to scattering length density (SLD) profiles using Parratt's dynamic approach. 14 Initial one-box fits were performed using the Parratt32 software (provided by HMI); 15 however, more sophisticated fits were required. These were performed using software code made publicly available by Thad Harroun (Brock University), 16 custom-modified to accommodate our fitting procedure. The instrument resolution was included in the fitting procedure. Data were first fit using a simple one-box model. This fit was then refined by allowing for a Gaussian distribution of thickness across the sample surface. This improved fit was then further refined by allowing the film profile to vary in the film-normal (z) direction. The final fit represents a minimization of the film profile as well as the macroscopic thickness distribution.
Optical Reflectometry. Optical reflectivity scans in the angular range from 20°to 80°were performed on the samples after neutron measurements, using the Multiskop instrument (Optrel, Germany). By using the thickness measured from neutron reflectometry, the optical reflectometry data could be fit with very little ambiguity. The three orthogonal refractive indices were then extracted by fitting the curves using custom-written software that implements the transfer matrix formalism for layered optical media. 17 
Results and Discussion
Fitting Procedure. Thin films of azo-polymer, spin-coated onto silicon substrates, were measured using neutron reflectometry. The resulting reflectivity curves contained numerous oscillations (so-called Kiessig fringes 18 ) which result from interference between neutron reflections from sample interfaces.
Lacking absolute phase information, neutron reflectivity data cannot be directly inverted. Instead, a range of models must be considered. The final selected model must describe the experimental data and provide a physically reasonable description of the system. Figure 2a shows a typical neutron reflectometry curve, and various possible fits to the data, presented in order to assess the quality of four different fitting models. The first possibility (uppermost curve) is a simple one-box model, where the thin film is taken to be a microscopically rough (22 Å), but otherwise a homogeneous and flat slab of material on top of the substrate, which in turn is modeled as a thin layer of silicon dioxide on top of an infinite slab of silicon. This fit correctly describes the film thickness, as indicated by the spacing of the oscillations in the data. However, the fit does not fully match the experimental data. In particular, the minima of the oscillations in the fit are much deeper than the actual data. This mismatch is not merely a matter of microscopic roughness blurring the reflectivity curve, as shown by the second fitting model. In the second model (second curve from the top in Figure  2a ), a one-box film with increased roughness (double the initial model, i.e., 44 Å) is compared to the data. As can be seen, this causes a significant decrease in the absolute reflectivity of the model curve, and it no longer describes the experimental data. In fact it was found that, with this model, no combination of film thickness, scattering length density (SLD), and film roughness could match the profile minima and maxima. However, roughness in these calculations is modeled as a smearing of the interface, which properly describes the coherent averaging that the neutron beam probes when surface variation is smaller than the neutron coherence length. In cases when surface variations are larger than the neutron coherence length, there is no interference between the reflections from distinct film regions. In such a case, modeling involves a sum and average of the distinct neutron reflectivity curves, rather than a sum and average of the SLD profiles. This is an incoherent average, where we are summing the relative reflection intensities, instead of a microscopic coherent average, where one would sum the relative reflection amplitudes. The third model (third curve in Figure 2a ) fit to the data shows the result of allowing for this macroscopic variation of sample thickness. In particular, a Gaussian distribution of film thickness values (centered about the nominal thickness from the one-box model) involves averaging a distribution of neutron reflectivity curves. This averaging does indeed reduce the depth of the minima, without decreasing the absolute reflectivity. This assumption allows us to generate much more reliable and reasonable fits to the data. The lateral extent of the neutron coherence varies as a function of angle as L coh ) 2π/(∆q z sin θ), which corresponds to 45-230 µm for the present data. Thus, the fits indicate that the sample thickness varies across the macroscopic sample surface, with a size scale larger than ∼230 µm. Although the spin-casting technique used to generate the samples creates highly homogeneous films with consistent thickness, it is nevertheless quite reasonable to suggest that the sample thickness varies by ∼20 Å across the 23 mm sample surface. Moreover, this large-scale thickness variation is easily confirmed using optical techniques. A slightly better fit to the data can be obtained by augmenting the thickness-distribution model by allowing for a small variation of the sample profile in the film normal (z) direction. The lowest curve in Figure 2 shows such a model, with the corresponding Gaussian thickness-distribution and nominal film profile shown below. The fit to the data is very good, and the film profile (with a slight decrease of film density near the surface) is reasonable. It should also be noted that merely allowing for complex profiles in the z-direction (without a thicknessdistribution) cannot properly reproduce the intensity of the measured reflectivity. All the fits presented are thus the result of allowing for both thickness distribution and some small density variation in the film profile. It is also worth noting that the film SLD, obtained from the best fits, was always in the range 2.2-2.4 × 10 -6 Å -2 , corresponding to a physical density of 1.2-1.3 g/cm 3 , which is consistent with previous measurements on these materials. 19 Photoexpansion. In the previous ellipsometry study of photoexpansion in azo materials, 11 it was found that the material expanded as a result of laser irradiation of sufficient power, if the wavelength was inside the azo absorption band. Both a reversible photoexpansion, which occurs only when the laser light illuminates, and an irreversible photoexpansion, which persists even after irradiation ceases, were identified. The present experiments used a unique sample cell to enable neutron measurements simultaneous with optical irradiation. Because a full neutron reflectivity scan requires 8-12 h, it was not possible to fully characterize the material state during irradiation using this technique. However, the present sample cell enabled us to In all four curves, the open symbols are the same experimental data, whereas the solid line is a model reflectivity curve based on a particular SLD profile. In the uppermost curve, a one-box model (thickness 499 Å, surface roughness 22 Å) is simulated. The position and spacing of the Kiessig fringes matches the data (indicating that the model film thickness is correct). However, the minima in the fit data are much deeper than the experimental data. The second curve shows a similar one-box model with double the surface roughness (44 Å). The absolute reflectivity decreases substantially, demonstrating that this 'blurring' of the minima in the data is not due to effective roughness. The third curve shows that by allowing for a Gaussian distribution of film thickness values across the sample surface, the data can be fit properly. The corresponding thickness distribution is shown in part b. The final model allows not only for a macroscopic thickness distribution, but also for a more complex SLD profile. The fit in this case properly reproduces all features of the data. The corresponding SLD profile is shown in part c.
measure at particular values of the momentum transfer, q z , during irradiation. 12 Consistent with the ellipsometry data, a shift in reflectivity is observed when the laser light was active, indicating some amount of physical change. With both techniques, it was observed that this small reversible photoexpansion was superimposed on top of a larger light-induced expansion that did not relax after the irradiation ceased. The irreversible photoexpansion was readily probed by neutron reflectometry by measuring a thin film before and after illumination. Because the sample cell enabled this to be performed without removing the sample, the instrument and sample alignment are identical for all the scans, thereby removing this ambiguity from data fitting. Figure 3a shows reflectivity curves for a thin azo-polymer film as it is irradiated with 488 nm laser light (circularly polarized, 38 mW/cm 2 ) for progressively longer periods of time. The scans were performed after the illumination light was deactivated and the material allowed to relax. The corresponding film profiles are shown below. As can be seen in Figure 3b , the neutron reflectivity data immediately confirms the ellipsometry data. The film thickness increases substantially with irradiation, and a corresponding decrease in the film density is also recorded. By integrating the area beneath the SLD profile, we confirmed that mass is conserved in the photoexpansion process. The extent of expansion is shown in Figure 3c , where it can be seen that the thin film expansion saturates to ∼17% after ∼8 h irradiation. In the previous ellipsometry work, irradiation times were more modest and the extent of expansion was correspondingly smaller, and consistent with the neutron data. The SLD profiles also enable us to analyze this photomechanical phenomenon as a function of depth into the film. Because the azobenzene chromophore is a strong absorber (extinction coefficient 488nm ) 5.30 µm -1 ), the intensity of laser light decreases exponentially as the beam travels through the film. This creates a light intensity gradient inside the material. Because the experiments were performed on polished silicon substrates, the incident beam will be reflected and travel through the material a second time. For the films considered here, the intensity of laser light at the substrate is ∼40% lower than at the film surface. The film profiles shown in Figure 3b indicate that the surface region, where light intensity is greater, expands preferentially. For the ∼30 min illumination, the density of the surface region has decreased compared to the initial value, whereas the bulk of the film has not changed. With greater irradiation time, the entire film becomes photoexpanded in a nearly uniform way. This demonstrates that there is a power dependence to the photoexpansion but also proves that the entire film is able to expand with sufficient irradiation time and/or power.
Photocontraction. A unique material response was discovered here for thin films of azo-polymer irradiated at elevated temperatures. In Figure 4a , reflectivity curves are shown for a thin film held at 85°C, before (upper curve) and after (lower curve) irradiation with 62 mW/cm 2 . The film SLD profiles, corresponding to the fits, are shown in Figure 4b . At this temperature, the laser irradiation has generated a significant photocontraction, rather than the photoexpansion established at room temperature (25°C). By integrating the area under the SLD profile, we can again confirm that this is a mass-conserving transformation. The neutron reflectivity data provide a sensitive probe of density and in this case indicate that the material has become denser than the usual bulk value (∼0.02 g/cm 3 denser near the center of the film). This densification is likely due to reorganization of the azobenzene chromophores, with the azo groups undergoing dipole pairing and aromatic stacking.
This photocontraction effect was observed in a wide variety of samples. In Figure 5 , data is presented for a thin film held at 80°C, as it is irradiated with laser light (circularly polarized, 62 mW/cm 2 ) for progressively longer periods of time. Again a mass-conserving photocontraction effect is observed, that becomes larger in magnitude as irradiation time proceeds. Note that although mass was conserved for most irradiation times (integrated area under the SLD profile deviates from the initial value by <1%), for extremely long irradiation times at elevated temperatures (notably 12 h irradiation at 80°C) there is a measurable (∼4%) decrease in the integrated SLD area. Since these films were annealed (at 110°C) before measurement, and because this effect only appears with irradiation, it is likely related to some form of photoinitiated cleavage of the azo bond, with subsequent thermal release of the cleavage products. This is entirely consistent with the usual optical observation of color loss seen for azo films subjected to extreme conditions. For this reason, the irradiation times were kept below these extreme levels for all other experiments. The film profiles shown in Figure 5b do not show any evidence for preferential contraction near the surface of the film or the substrate. The densification appears throughout the material in a uniform way. Figure 5c shows that substantial amounts of photocontraction (∼15%) can be obtained with a few hours of irradiation. Note that, to preserve the sample for later optical investigation, a separate sample of comparable thickness was used to measure the long-time response (12 h irradiation data point).
Photomechanical Effect. The observed photoexpansion and photocontraction can be viewed as two manifestations of a photomechanical phenomenon in azo-polymer systems. Figure  6 shows the photomechanical response (expansion or contraction) of azo films irradiation for 2 h with 62 mW/cm 2 laser light. A photoexpansion effect is observed at lower temperatures, whereas a distinct photocontraction occurs at sufficient temperature. The steady change in response (with a crossover at ∼50°C) suggests a competition between two effects. At low temperatures, the azobenzene molecular isomerization forces expansion of the local polymer network, to accommodate the free volume requirements of the azo isomerization. Larger-scale motion in the polymer network is, however, impossible, and the resultant expanded state is frozen in. While the azo chromophores are somewhat mobile within their respective free volume pockets, larger scale migration of the chromophores is not possible. As temperature is increased, the higher polymer mobility allows for relaxations in the network that counteract the expansion effect (as discussed later, the thermal expansion coefficient of the material is negligible). Above a certain temperature (above ∼50°C for pdr1a), the combined effect of photoinduced motion and thermal motion enables the chromophores to move within the polymer matrix, aggregate, and form a denser contracted state. A molecular modeling study of two azobenzene polymer chains interacting confirmed that the low-energy state occurs when the azo chromophore dipoles are aligned and undergo aromatic stacking (see Supporting Information, Figure S4 ). This azo dipole association is well established in the liquid crystal literature, although this crystalline state is not typically accessible to amorphous polymers. On the basis of our present results, it appears that irradiation with light at elevated temperatures enables the azo chromophores to reorient and overcome an energy barrier, such that they aggregate and crystallize. It should be noted that this photoinduced aggregation is occurring well below the material's glass-to-rubber transition temperature (T g ). Similar behavior has been observed in the azo system for other types of photomotions, such as photoorientation and surface patterning, which are both readily initiated below T g . Figure 7 shows reflectivity data for different types of thermal treatment. The upper two curves represent a thin film held at 25°C (uppermost curve) and the same film after thermal ramping to 80°C (second curve). The two curves are identical (and can be fit with the same film model), demonstrating that thermal treatment alone does not give rise to any measurable change in film thickness or density. Thus, the physical changes being observed here are due to the azobenzene isomerization, and not merely annealing. The denser photocontracted state is not achieved with heat treatment alone, which suggests that photoinduced alignment is required in some way. It is likely that photoorientation generates seed crystals, which can then be thermally annealed and grown into a higher-density state. The lower three curves in Figure 7 show a thin film that has been irradiated with 38 mW/cm 2 at room temperature (which leads to an expansion) and subsequently heated to 80°C. This purely thermal treatment step has evidently caused the thin film to contract. This effect is not merely a reversal of the expanded state: with sufficient thermal treatment, various films were found to thermally contract to a state thinner than the original film thickness. This was only observed, however, in films that had been irradiated with laser light. This effect was also seen by ellipsometry, where, for instance, an irradiated thin film annealed above T g was found to be ∼3.5% thinner than the original film thickness.
The formation of a denser state with combined heat and light treatment has also been seen in the formation of surface relief gratings (SRGs). 20, 21 In that work, a stable surface pattern was generated at room temperature and then thermally erased. During this heat treatment, a density grating, coincident with the original SRG but buried beneath the surface of the material, was found to form. This indicates that light treatment generates some form of seeding crystals that can then be thermally annealed into a higher-density semicrystalline state. Similarly, we have observed that photoirradiation (which certainly induces some measure of chromophore orientation) seeds the material, such that subsequent thermal treatment induces contraction and densification. Thermal Considerations. An experiment was performed where the azo film was irradiated using a 15 mW/cm 2 broadband incoherent light source. In this case the neutron reflectivity curve showed no appreciable difference before, during, or after irradiation. Furthermore, samples that had been irradiated to the point of being photobleached (which involves destruction of the azo bond) became unresponsive to laser illumination. Previous calculations 22 also allow us to neglect photoheating effects. Given the present irradiation conditions, a temperature rise of only a few degrees would be expected. For the samples held at elevated temperatures, the changes in film density are again directly related to laser irradiation of the azo material. Merely changing the sample temperature caused essentially no change in the reflectivity curve (relative thickness difference <0.4%). The thermal expansion of the thin film can also be neglected, since it is orders of magnitude smaller than the observed effect (the thermal expansion coefficient of a polymer is typically <10 -5 K -1 ). It is thus clear that the observed changes are due to laser illumination and not merely sample heating. Moreover, it is clear that the effects are related to the azobenzene chromophore and its molecular isomerization.
Other Variables. The photomechanical effects are sensitive to laser power for short irradiation times. However, for the long Analysis of the thermal component of photomechanical changes. The upper two curves are a thin film measured at room temperature (upper curve) and again at 80°C. The two curves are identical (and are described using the same model data), showing that thermal treatment alone does not give rise to any material changes. The third curve corresponds to a thin film before irradiation (25°C), and the fourth curve shows the same sample after photoexpansion (2 h irradiation, 38 mW/cm 2 ) at 25°C. The final curve shows the same film heated to 80°C, where a contraction effect is observed without laser illumination. irradiation times considered here (>30 min), it was found that the extent of thickness change was not strongly related to irradiation intensity, whereas it was sensitive to the irradiation time. This indicates that for the powers considered here (>30 mW/cm 2 ), the material response is saturated, and the process of expansion or densification is limited not by isomerization frequency or efficiency but by the reorganization of the azo side-groups, and motion of polymer chains in the material. The photomechanical effects were observed in all thin azo films studied, across the thickness range from 200 to 600 Å. The relative amount of photoexpansion and photocontraction, after 2 h irradiation, was not found to depend on film thickness.
Instead it again appears that the studied irradiation power (>30 mW/cm 2 ) is sufficient to fully expand films in this thickness range. It should be noted that in the previous ellipsometry study, 11 the photoexpansion was sensitive to both irradiation power and film thickness. However, the irradiation times in that study were considerably shorter, and it is likely that the entire film volume was not undergoing saturated photomechanical change. For the longer irradiation time and relatively high irradiation power considered here, a saturated response is measured.
The observed photomechanical effects appear to be general to azo polymers. A similar extent of photoexpansion was measured with thin films of poly(disperse red 13 acrylate) (pdr13a). This polymer is similar to pdr1a, except that it has a Cl substituent at the 2′ position of aromatic ring. Given that the azobenzene's other unique motions (such as photoorientation and surface mass transport) are quite general and appear in nearly all samples, these photomechanical effects are likely present in all azo-polymer systems. In fact, a large number of the unusual photomotions observed in azo systems are probably related to this photomechanical effect. For instance, the macroscopic bending and unbending of liquid crystalline azo films 8, 9 may be a manifestation of the photocontraction effects described here. The free surface of these films contracts to a greater extent than the bulk (since the light intensity is higher at the surface, owing to sample absorption), and this gradient in contraction leads to macroscopic deformation. It appears to be a general trend that liquid crystalline azo samples will photocontract with irradiation, rather than photoexpand as amorphous systems tend to. 7, 23 This is likely occurring because the liquid crystalline samples, being highly mobile, are above the expansion-tocontraction crossover temperature even at room temperature. It is possible that these samples, if cooled sufficiently, will exhibit photoexpansion behavior instead. For typical amorphous polymers well below T g , the molecular mobility is arrested and photocontraction effects cannot occur. Instead, the frustrated azo motion leads to deformation of the polymer matrix and a net expansion.
Linearly Polarized Irradiation. The effect of incident laser polarization was also studied. Figure 8 shows an example of a thin film irradiated with 38 mW/cm 2 at 25°C, and a thin film irradiated with 62 mW/cm 2 at 80°C, for 2 h. In both cases, the thin films respond similarly to irradiation with circularly polarized light. That is, the thin film at 25°C photoexpanded by 10%, whereas the film at 80°C photocontracted by 8%. Although the photocontraction phenomenon is attributed to photoalignment, irradiation with linearly polarized light (which typically induces greater ordering and alignment) did not increase the magnitude of the contraction effect. This may be because photoorientation necessarily decreases the fraction of azo chromophores undergoing isomerization (since they are no longer addressed by the incident light), which would tend to decrease the photomotion required for photomechanical effects. It is also worth noting, however, that the final amount of photoorientation is quite small. Using the thickness measured with neutron reflectivity, one can fit optical reflectivity reliably to determine the three orthogonal components of the refractive index (n x , n y , n z ). Figure 9 compares the optical reflectivity data for a thin film photocontracted using circularly polarized light compared to linearly polarized light. In both cases, the data are well described by assuming only an isotropic refractive index (n x ) n y ) n z ). Thus the higher-density azo crystallites have an isotropic orientational distribution. We attempted to directly detect the azo crystallites by using the neutron spectrometer's Optical reflectivity data (solid black lines) and associated model fits (thin gray lines) for azo-polymer films after photocontraction. The model fits were obtained using the thickness from neutron reflectivity and allowing the three orthogonal refractive indices to vary. In both cases of a sample photocontracted with circularly polarized light (a) and linearly polarized light (b), the final sample is isotropic.
triple-axis mode and scanning for Bragg peaks arising from the azo crystal spacing. Although the Bragg peak due to the silicon substrate was detected, no peaks due to the azo film were detected in films irradiated with either circularly or linearly polarized light. Detection of Bragg peaks in the selected geometry would require that the azo crystals be oriented with their spacing normal to the sample surface. The lack of a Bragg peak could be due to the formation of a single azo crystal that is not within the selected scattering plane. However, the more likely explanation is that the azo crystallites are oriented randomly (i.e. the sample is polycrystalline), and the Bragg peak intensity is therefore too weak to be detected. Future experiments using powder diffraction on a sufficient sample volume might be able to detect the crystals.
Reversibility. The photomechanical effect studied here appears to be partially reversible. For thin films photoexpanded at room temperature, photocontraction at elevated temperatures was thereafter possible. For instance, an initial 545 Å film was photoexpanded (2 h at 38 mW/cm 2 ) by 11% at 25°C. A subsequent irradiation at 80°C (2 h at 38 mW/cm 2 ) caused a contraction to a state 5% thinner than the original film thickness. The photocontracted state persists regardless of thermal treatment, including annealing above the polymer T g . In fact, any thermal treatment step (after irradiation) leads to further material densification (up to a certain saturation limit). However, the photocontracted state can evidently be partially reversed by irradiating again below the crossover temperature. For instance, an initially 395 Å film was photocontracted at 85°C (2 h at 62 mW/cm 2 ) to a state 7% thinner than the original film and then further photocontracted at 110°C (2 h at 62 mW/ cm 2 ) to a state 15% thinner than the original film. This film was then irradiated at 25°C (2 h at 62 mW/cm 2 ), where it photoexpanded to a state 2% thicker than the original film. Thus, irradiation can be used to reverse the contracted state to some extent, although the efficiency of the process appears reduced. It is not known whether greater irradiation time or power could be used to expand the film to the ∼17% saturation limit. Again it appears that at low temperature the matrix cannot relax and reorganize. The azo isomerization breaks the dipole pairing, creating free volume pockets and expanding the polymer matrix. However the material cannot relax back into a densified state without the addition of some thermal mobility.
Perspectives. Given that nearly all the photomotions discovered for azo materials are general (occurring in all cases where photoisomerization occurs), it is likely that this photomechanical phenomenon is present in most azobenzene systems. In fact, it may very well be that numerous effects observed with azos can in fact be explained in the context of this photomechanical effect. For instance, the macroscopic bending of free-standing liquid crystalline azo films was attributed to contraction at the film surface. 8, 9 That these materials photocontract at room temperature is consistent with the present findings, given that the highly mobile liquid crystalline systems probably have a low crossover temperature and thus are in the photocontraction regime at room temperature. Similarly, findings that showed that a liquid crystalline and a similar amorphous system had opposite macroscopic expansion/contraction behavior 7 can be attributed to a difference in crossover temperature. According to this explanation, the liquid crystalline samples should exhibit photoexpansion if cooled sufficiently.
Importantly, the present results identify that the photomechanical effect is localized and occurs in nanometer-sized samples. This thus links the macroscopic observations of photomechanical phenomenon to the microscopic photomotions that have been characterized in azo materials. In particular, the all-optical formation of surface relief structures that occurs when azo materials are irradiated with light gradients may in fact be due to the photomechanical effect. Spatial variation of light intensity would generate an internal stress distribution in the material (owing to a gradient in expansion/contraction effects), which would then drive material motion. This is essentially equivalent to the isomerization-pressure model already presented to account for azo surface patterning, 24, 25 now with the inclusion of a microscopic explanation for the driving force.
With regard to applications, such as photoactuation, the identified photomechanical effect offers some unique features. With the addition of localized temperature control (which could also be laser-based), the range of motion is quite large: from -15% to +15%. The photomechanical transformations have both reversible and irreversible aspects, which can each be exploited as required by device characteristics (two-state values or reversible actuation). Importantly, by using light, one may actuate a device remotely and without other energy requirements.
Conclusions
Using neutron reflectometry, we have identified two competing photomechanical effects in azo polymer systems: one that causes expansion of the polymer matrix, and one that induces contraction of the material. We are able to measure the expansion and contraction effects unambiguously, since neutron reflectometry probes the physical density rather than the optical refractive index (which may be anisotropic and time-varying). Temperature can be used to alter the relative importance of the two photomechanical effects, switching from photoexpansion behavior below a characteristic crossover temperature to photocontraction behavior above this temperature. Both effects (expansion and contraction) are stable over time, although they can be reversed with subsequent light irradiation steps. We attribute the photoexpansion to the azobenzene molecular isomerization, which requires a certain free volume to proceed, and thereby induces a local pressure in the material. The polymer matrix then expands to accommodate this molecular motion but cannot relax at low temperature. We attribute the photocontraction to the formation of seed crystals due to photoorientation, that is, pairing and aggregation of the azo dipoles, which are able to crystallize and thereby increase material density. This photomotion and relaxation of the polymer matrix is only possible when the combined effects of light-induced and thermally enabled motion reaches a critical value. For the materials studied here, this crossover temperature is ∼50°C.
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